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MinireviewRegeneration: If They Can Do It,
Why Can’t We?
eye, jaw, and heart regeneration. The adult zebrafish is
able to regenerate the fin and heart, while Xenopus laevis
can regenerate their limbs and tails as larvae, but not
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as adults (Goss, 1969; Poss et al., 2002). RegenerationPfotenhauerstrasse 108
ability is not confined to the vertebrates, and its pres-01307 Dresden
ence in diverse metazoan phyla suggests that it was anGermany
ancestral trait that was suppressed in many lineages
during evolution (Goss, 1969). Recently, the develop-
ment of experimental techniques, including lineage
tracing, DNA transformation, and gene knockdown inThe therapeutic potential of stem cells and nuclear
regeneration model organisms, have finally made thecloning has led to renewed interest in classical models
mysterious process of regeneration amenable to cellularof regeneration. This longstanding problem is under-
and molecular analysis. These advances have beengoing a renaissance spurred by the availability of new
made not only in the vertebrate models, but also intechniques that finally allow analysis on the cellular
invertebrates such as hydra and planaria, where RNAiand molecular level.
screens are being conducted to identify the genes un-
derlying regeneration (Cebria et al., 2002; Newmark andThe ambition to induce human tissue regeneration has
Sanchez Alvarado, 2002). Thus, in the future it will bebeen reawakened by a number of recent developments.
possible to answer the fundamental questions of regen-The discovery of somatic stem cells in many locations
eration and to determine whether the molecules underly-suggests that adult tissues may have the latent capacity
ing regeneration in invertebrate model organisms haveto regenerate. Second, though still controversial, cells
conserved function in vertebrate models. With a con-from specific tissues can apparently engraft into many
ceptual and molecular understanding of regeneration indifferent adult organs to form cell types distant from
hand, it may then be possible to address why regenera-their original identity (for review and references see Tosh
tion capacity is limited in mammals. Due to brevity, thisand Slack, 2002). These results suggest that adult cells
review focuses on vertebrate regeneration—the biologi-can respond to cues that direct them along alternative
cal principles and molecular insights that are nowpathways of differentiation. Finally, nuclear cloning—the
emerging.ability to transplant a somatic cell nucleus into an oocyte
The Blastema Is the Central Player of Regenerationand reconstitute an entire organism—showed that a so-
What distinguishes a tissue that can and cannot regen-matic cell nucleus can be pushed backward into a toti-
erate? In regenerating animals, a large zone of progeni-potent state. On an applied level, such manipulations
tor cells, called the blastema, is formed at the site ofcould provide a viable source of progenitor cells for
injury. Approximately one thousand progenitor cellstransplantation.
grow to hundreds of thousands of undifferentiated cellsDespite these much-heralded breakthroughs, the ulti-
before morphogenesis begins. How does the blastema
mate goal of regenerating a fully functional tissue or
form from mature tissue? Is it a homogeneous popula-
organ is still distant. The frequency of stem cell en-
tion of pluripotent progenitors or a complex mixture of
graftment is low and represents the behavior of a small cells each already determined to form a specific tissue?
minority of cells within the target tissue rather than a How can such a highly proliferative population be main-
bonafide rebuilding of an entire structure. Missing from tained in the adult tissue? Is a blastema such as the
the current scenario is how progenitor cells that are limb blastema equivalent to the developing limb bud?
suddenly implanted into the adult environment can be How does it eventually differentiate and pattern itself
expected to grow and reconstitute the complex function into a perfect replica of the missing portion? These are
and pattern of the adult tissue—normally a result of the central questions of regeneration. From this per-
intricate genetic programs and cell-cell interactions that spective, it is clear that any attempt to induce regenera-
originally spanned months and even years of develop- tion in the mammal should focus on defining exactly
ment. Is it necessary for progenitor cells to retrace these what is a blastema and how one can promote blastema
developmental programs in order to regenerate? Are formation at the injury site.
such programs still accessible in the adult environment? What Is the Blastema and How Does It Form?
The looming question is how to overcome such barriers A central issue has been to define exactly which cells
in order to promote meaningful tissue repair. from the mature tissues produce the cells for the blas-
Natural examples of regeneration, fascinating biologi- tema. After injury of the limb or tail, a thin layer of epider-
cal problems in their own right, may also provide clues mal cells crawls, without cell division, over the cut end
to these biomedical issues. While humans display poor to form a simple secretory epidermis. Although wound
regenerative ability, other vertebrates are able to regen- epidermis formation is the first observable event in re-
erate an amazing spectrum of organs and body struc- generation and is necessary for regeneration, the crucial
tures. Salamanders are the champion regenerators “blastema forming ability” lies in the underlying tissues.
among vertebrates, boasting a repertoire of limb, tail, Epidermis taken from Xenopus laevis at a nonregenerat-
ing stage is capable of supporting regeneration if it is
combined with the internal stump tissues from an animal*Correspondence: tanaka@mpi-cbg.de
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at a regenerating stage but not vice versa (Yokoyama et
al., 2000). The blastema itself forms from the underlying
tissues including muscle, cartilage, dermis, and Schwann
cells. Once the blastema forms, mesodermal-epidermal
interactions between the blastema and the wound epider-
mis resemble those seen in development and are neces-
sary for the continued development of the blastema. For
example, if the blastema is surgically covered by a piece
of mature skin, regeneration is arrested (Mescher, 1976).
Previously, the tissue sources of the blastema were
defined via the transplantation of large, marked tissue
pieces such as dermis or cartilage. These experiments,
particularly the cartilage transplantations, strongly im-
plied that cells dedifferentiated and changed fates dur-
ing regeneration (Goss, 1969). Since, however, these
tissue pieces usually represented a complex mixture of
cell types, it was unresolved whether blastema cells were
formed from dedifferentiation of mature cells, through acti-
vation of a resident stem cell within the tissue, or through
contribution of other cell types contained in the tissue
such as blood vessels. The large number of cells from
cartilage and dermis transplants contributing to the
blastema suggested dedifferentiation rather than activa-
tion of a rare stem cell, but this concept remained un-
proven. By developing the techniques to trace individual
cells undergoing regeneration, Echeverri et al. (2001)
concluded that 17% of the blastema derives from the
Figure 1. Different Models for Blastema Cell Plasticity during Axolotldedifferentiation of mature muscle fibers. These studies,
Tail Regeneration
along with transdifferentiation of retinal epithelial cells
(A) Blastema cells remain committed to their birth identity. (B) All
into lens during lens regeneration, have firmly estab- blastema cells become pluripotent. (C) The blastema represents a
lished that dedifferentiation is a major mechanism used mixture of restricted and multipotent progenitors.
to form blastema cells (Kodama and Eguchi, 1995). Mus-
cle fibers are so far the only cell type where the quantita-
tive contribution to the blastema has been assessed. gratory radial glia, become highly plastic (Figure 1C). Cell
The continued use of tracing techniques should provide fate switching may be a somewhat stochastic process.
a comprehensive map of which tissues contribute to the
During blastema cell formation, a cell may maintain a
blastema and will test whether stem cells make any
slight bias to reform its previous phenotype due to per-
contribution to the regeneration blastema.
durance of proteins that determine the old cell fate andMultipotentiality of Blastema Cells
due to influence of its neighbors. However, if the cell isWhat happens to the blastema cells deriving from mus-
placed in an entirely new environment, a fate switchcle dedifferentiation? Does muscle dedifferentiation
may occur. Further lineage tracing coupled with cellprovide all the future muscle progenitors of the regener-
transplantation will answer these questions. Also stillate? In other words, is regeneration a simple scenario
unclear is whether lineage switching really representswhere muscle begets muscle, bone begets bone, and
the formation of a pluripotent progenitor that is reas-dermis begets dermis (Figure 1A)? The answer appears
signed a cell fate, or if lineage switching represents ato be no. Lo et al. (1993) found that dedifferentiated
direct transdifferentiation from radial glial cell fate tomyotubes can contribute to regenerating cartilage. Fur-
muscle cell fate without the formation of a pluripotentther insight into this question came from a surprising
intermediate (e.g., see discussion in Tosh and Slack,direction. Tracking of GFP-expressing spinal cord radial
2002). An interesting question is whether the lineageglial cells during tail regeneration revealed frequent mi-
switching seen during regeneration is mechanisticallygration out into the blastema to form mesodermal deriv-
related to the lineage switching observed upon trans-atives such as muscle and cartilage (Echeverri and Ta-
plantation of mammalian cells into foreign contexts.naka, 2002). This result was the first precise data
Dedifferentiationshowing that cells traverse lineage boundaries during
Dedifferentiation in response to injury is a signature ofthe course of regeneration. Does this mean that the
vertebrate regeneration and is likely to be at the heartblastema is a tabula rasa where all cells go back to a
of why salamanders can regenerate and we cannot.pluripotent ground state and identity is later reassigned
Beyond muscle, dedifferentiation of multiple cell typesin response to extracellular cues (Figure 1B)? This possi-
such as cartilage and dermis probably diverts cells frombility is unlikely because overall, during tail regeneration
producing scars that are characteristic of mammalianskin primarily derives from skin and the regenerating
wound healing. The main question is whether differenti-spinal cord grows as a distinct neuroepithelial tube out
ated salamander cells are intrinsically different fromof the mature spinal cord (see Echeverri and Tanaka,
mammalian cells and respond to common injury signals2002). Therefore, many cells likely maintain a memory
of their previous identity, while other cells, such as mi- in a distinct way, or whether unique dedifferentiation
Minireview
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signals are generated upon injury in the salamander.
Such issues have most clearly been studied in skeletal
muscle cells during limb and tail regeneration and for
retinal epithelial cells during lens regeneration (Brockes
and Kumar, 2002; Kodama and Eguchi, 1995).
Dedifferentiation is a multistep process where cell
cycle reentry and loss of differentiated traits can be
separated. These events are initiated by distinct extra-
cellular cues. A thrombin-activated serum factor can
drive differentiated salamander myotubes back into the
cell cycle but does not cause loss of differentiated char-
acter such as muscle myosin expression (for review,
see Brockes and Kumar, 2002). This serum factor is
important for cell-cycle reentry not only in muscle, but
also in other regeneration contexts such as the transdif-
Figure 2. Models of Proximodistal Patterning during Newt Limbferentiation of retinal PECs to lens (Simon and Brockes,
Regeneration2002). Although not tested yet, it is likely that the factor
is also required during heart regeneration, where cardio-
myocytes in salamanders and zebrafish reenter the cell graded information along the proximal-distal axis that
cycle without losing their differentiated features in order informs cells of their position (Stocum, 1996) (Figure
to stitch the heart back together (Poss et al., 2002). 2). It is not known if all cells or a subset harbor this
However, although the serum factor is present in serum information. The first event after injury is to produce
from all animals, it is impotent on mammalian myotubes. blastema cells with distal (fingertip) identity thus estab-
This has lead to a model that blood clotting during injury lishing the two boundaries for the regenerating struc-
generates a universal factor that is able to stimulate ture. A molecular correlate of this idea is the coexpres-
salamander muscle cell cycle reentry, but not mammals sion of multiple HoxA genes in the early limb blastema
(for review, see Brockes and Kumar, 2002). Identification (Gardiner et al., 1995). It is not yet known if this respecifi-
of the serum factor is critical for studying the intrinsic cation is coupled with cellular dedifferentiation. A num-
differences between salamander and mammalian mus- ber of models have been proposed to explain how the
cle cells. In terms of relevance to mammalian regenera- limb positions in between the two boundary values then
tion, it is notable that in the liver, an exceptional example form (Figure 2). One model proposes the reestablish-
of regeneration in mammals, mature hepatocytes reen- ment of a morphogen gradient to specify positional val-
ter the cell cycle and proliferate while maintaining their ues of the limb (Figure 2A) (Meinhardt, 1982). Another
adult function (Fausto and Campbell, 2003). However, predominant model posits that positional identity is en-
it is not yet known if the serum factor has relevance to coded by a gradient of cell surface molecules expressed
this instance of cell cycle reentry, where many of the
along the proximal/distal axis. Distalization of blastema
relevant growth factors have been identified.
cells occurs by lowering the level of the cell surface
Less is known about the extracellular factors respon-
molecule resulting in upper arms cells being confronted
sible for the other steps of muscle dedifferentiation. A
with finger-tip identity cells. Recognition of this discrep-factor present in the regeneration blastema causes the
ancy via the cell surface molecules stimulates the proxi-loss of muscle-specific proteins and the dramatic break-
mal cells to produce new blastema cells that “fill in” theing apart of the multinucleate syncitium to form mono-
missing positions, a process called intercalary regenera-nucleate cells (McGann et al., 2001). Surprisingly, and
tion (Figure 2B) (da Silva and Brockes, 2002; Stocum,in contrast to the serum factor, the “budding” activity
1996). A third possibility is that injury resets cells tohas been reported to act on both salamander and mouse
produce a random mixture of cells with different posi-myotubes. A candidate intracellular regulator of this
tional values as manifested by expression of a cell sur-budding process is the Msx1 homeodomain protein that
face molecule. These cells may subsequently “sort out”is upregulated upon regeneration. Msx1 expression in
in a second step to produce the correct spatial ordermouse myotubes stimulated a budding response in cul-
to form a new limb (Figure 2C). All three models of limbture (for references and discussion see Brockes and
patterning imply that the blastema at very early stagesKumar, 2002). It will be important to confirm the in vivo
becomes an autonomously self-patterning unit, consis-role of Msx1 in muscle dedifferentiation.
tent with blastema transplantation experiments. LimbHow Much Is Enough? Replacing the Missing Part
morphogenesis and growth to a mature size are distinctOnce the blastema forms, how it regrows precisely the
steps that occur after the early patterning events.missing portion represents one of the most alluring as-
Prod1, a recently identified newt homolog of CD59pects of regeneration. Cells at the amputation site must
fulfills many of the properties of a cell-surface moleculeon one hand retain a memory of where they are from,
involved in detecting positional identity differences inyet other blastema cells must be respecified to form
cells (da Silva and Brockes, 2002). This GPI-linked mole-new structures. A limb blastema of 10,000 cells (well
cule is expressed at higher levels in the upper arm versusbefore morphological differentiation) already harbors all
lower arm, and its levels are modulated by retinoic acid,the information to autonomously form the correct struc-
a powerful agent that can alter limb patterning by trans-ture when transplanted to ectopic sites (see Stocum,
forming a wrist blastema into an upper arm blastema.1996, and references therein). To explain such observa-
tions, it has been put forth that the mature limb contains In an in vitro culture assay, CD59 was also shown to be
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Echeverri, K., and Tanaka, E.M. (2002). Science 298, 1993–1996.involved recognizing differences between proximal and
Echeverri, K., Clarke, J.D., and Tanaka, E.M. (2001). Dev. Biol. 236,distal blastema cells. It will be interesting to determine
151–164.if CD59 is a major determinant of positional identity—if
Fausto, N., and Campbell, J. (2003). Mech. Dev. 120, 117–130.overexpression of CD59 in a wrist blastema cell can
Gardiner, D.M., Blumberg, B., Komine, Y., and Bryant, S.V. (1995).transform it into an upper arm blastema cell—and if
Development 121, 1731–1741.CD59 is the crucial information within adult tissue re-
Goss, R.J. (1969). Principles of Regeneration (New York: Academicquired for patterning the regenerate. The ability to now
Press).efficiently express genes in the blastema will allow the
Kodama, R., and Eguchi, G. (1995). Semin. Cell Biol. 1995 6, 143–149.in vivo role of CD59 to best tested.
Lo, D.C., Allen, F., and Brockes, J.P. (1993). Proc. Natl. Acad. Sci.Perspectives
USA 90, 7230–7234.Regeneration is a field on the verge of addressing funda-
McGann, C.J., Odelberg, S.J., and Keating, M.T. (2001). Proc. Natl.mental questions that have lain unanswered for many
Acad. Sci. USA 98, 13699–13704.
years. The challenge remains not only to understand the
Meinhardt, M. (1982). Models of Biological Pattern Formation (Lon-
phenomenon of regeneration using model organisms, don: Academic Press).
but also to address why this does not occur in mammals.
Mescher, A. (1976). J. Exp. Zool. 195, 117–128.
Based on our current understanding, regenerative ability
Newmark, P., and Sanchez Alvarado, A. (2002). Nat. Rev. Genet. 3,
can be formulated in more specific terms. Will it be 210–219.
possible to induce cell dedifferentiation in mammalian Poss, K., Wilson, L., and Keating, M. (2002). Science 298, 2188–2190.
tissue to produce blastema progenitor cells? For exam-
Schwab, M. (2002). Science 296, 1029–1031.
ple, the identification of Nogo as a factor inhibiting axo-
Simon, A., and Brockes, J. (2002). Exp. Cell Res. 281, 101–106.
nal regeneration in the mammalian CNS is a major
Stocum, D.L. (1996). Int. J. Dev. Biol. 40, 773–783.
achievement in regeneration research since its inactiva-
Tosh, D., and Slack, J.M.W. (2002). Nat. Rev. Mol. Cell Biol. 3,tion leads to partial functional recovery after spinal cord
187–194.
lesions (Schwab, 2002). If, however, differentiated cells
Yokoyama, H., Yonei-Tamura, S., Endo, T., Izpisua Belmonte, J.,
such as astrocytes and oligodendrocytes at the injury Tamura, K., and Ide, H. (2000). Dev. Biol. 219, 18–29.
site could be induced to dedifferentiate, it is likely that
regrowth of axons through the injury would be far more
robust. Many examples of mammalian transdifferentia-
tion have been described, mainly in vitro. For example
pancreatic exocrine cells can be induced to transdiffer-
entiate into hepatocytes (see Tosh and Slack, 2002).
The question is whether such events are related to the
events occurring in bonafide regeneration and whether
they can be harnessed toward inducing regeneration.
A second key consideration is whether adult mamma-
lian tissues retain positional information that can be
reset and whether intercalary regrowth can occur. In
this regard, an intriguing observation has been made in
Cdx2/ mice in which regions of the intestine transform
into tissue resembling esophageal epithelium through
local inactivation of the remaining allele (see reference
and discussion in Tosh and Slack, 2002). Amazingly,
this transformed tissue seems to induce surrounding
intestine to “fill in” the tissues normally found between
the esophagus and the intestine—gastric and small in-
testinal epithelium—suggesting that intercalary regen-
eration has occurred. Whether this event occurs during
development or in the adult is not yet known, but it
suggests that the mammal may have the ability to un-
dergo intercalary regulation of tissues up at some point
in its lifespan. It will be fascinating to identify the molecu-
lar basis of dedifferentiation, positional identity, and in-
tercalary regeneration and, if this is achieved, we may
finally know if we are capable of undergoing regenera-
tion ourselves.
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